The California Current large marine ecosystem (CCLME) is one of the world\'s eastern boundary currents that undergo seasonal upwelling leading to high productivity[@b1]. The CCLME supports a large biomass of planktivorous lower trophic level (LTL) species such as sardine, anchovy, and small squids[@b2], which support diverse predators such as tunas, billfish, seabirds, pinnipeds, sharks, and cetaceans[@b3][@b4]. Large-scale electronic tagging efforts (e.g., TOPP: Tagging of Pacific Predators) have revealed the importance of the CCLME to these highly migratory predators and demonstrated a high level of residency for many highly migratory species[@b5][@b6][@b7]. In the eastern Pacific Ocean, as in most other marine systems, highly migratory species (e.g., tunas) and LTLs (e.g., sardine) have been heavily fished and some have shown periodic population declines[@b3][@b8][@b9]. Although the populations of many of these species declined during periods of overfishing, many have subsequently rebounded in the CCLME. Trophic dynamics may affect population fluctuations, and assessing the strength of trophic linkages is important in forecasting the potential impacts of natural and human-induced declines in prey or predator populations.

In characterizing ecosystem trophic structure, it is important to understand whether dominant forcing mechanisms are bottom-up or top-down[@b10]. The effect of predator removal from pelagic ecosystems is contentious, but recent work suggests the possibility of top-down effects of predators even in open-ocean systems[@b11]. Conversely, bottom-up controls also likely affect predator feeding success and consequently, the extent of their residency in the CCLME[@b12] and other upwelling ecosystems[@b13]. The interaction between top-down and bottom-up controls remains relatively poorly understood and difficult to test in productive upwelling ecosystems. Other models of ecological control in eastern boundary currents have been proposed, including 'wasp-waist' control as an alternative to classical bottom-up or top-down models[@b13][@b14][@b15].

In wasp-waist (WW) systems, population dynamics are suggested to be largely controlled by LTLs rather than the bottom or the top. WW ecosystems are highly productive systems that support low diversity (one or few species) but high abundance of LTLs such as sardine and anchovy[@b13][@b14][@b15]. This large prey biomass supports a high diversity of marine mammals, teleosts, elasmobranchs, and seabirds. LTLs at the wasp-waist level exert top-down control on zooplankton and bottom-up control on top predators, with environmental factors largely affecting their abundance[@b10][@b13]. Ecosystem models have shown that WW upwelling systems are more vulnerable to collapse when forage fish decline due to the critical energetic links that LTLs provide between highly available zooplankton and larger predators[@b16]. However, recent studies have shown that in some eastern boundary currents (e.g., the northern California Current), trophic dynamics may be more complex, with predators feeding on multiple trophic levels including planktonic organisms (e.g., euphausiids)[@b17], increasing ecosystem stability[@b18]. Characterizing a system as WW (or under different controls) thus requires the acquisition of diet information for predators within a system.

The primary tool to identify trophic linkages has traditionally been directly through gut content analysis of predators[@b19]. Gut content analysis is an important tool to identify dominant prey species in predator diets. However, these analyses are limited to feeding data during the timeframe(s) of predator sample availability, and may overemphasize the importance of large prey or prey with hard parts, which tend to accumulate in the stomachs of predators[@b19]. Stable isotope analysis (SIA) is a newer ecological tool to study predator diets that provides longer-term estimates of the primary prey that are incorporated into predator tissue. SIA is time-integrated, non-lethal, and significantly faster than gut content analysis[@b20], and it is particularly powerful when combined with the specific prey information that stomach contents can provide.

SIA of carbon and nitrogen isotopes, the elements most commonly used in ecological studies, measures the ratio of a heavier, rare isotope to a lighter, more common isotope (^13^C:^12^C or δ^13^C;^15^N:^14^N or δ^15^N) expressed as parts per mille (‰) relative to a standard. Stable isotope values increase stepwise up food webs due to preferential retention of the heavier isotope in consumer tissues during metabolic processes; the subsequent difference between the isotope values of consumer and prey is the trophic discrimination factor (TDF). δ^13^C values are often used to infer different baseline sources (e.g. phytoplankton vs. macroalgae), as primary producers in discrete ecosystems may have dissimilar δ^13^C values that will change minimally through food webs[@b20]. In contrast, δ^15^N values have generally been used to estimate trophic level due to the higher increase of δ^15^N values with each trophic step in food webs[@b20][@b21].

The stable isotope ratios of predator tissues reflect an integrated value of prey consumed over time. If prey isotope values are sufficiently different, relative proportions of dietary inputs can be estimated from predator isotope values using Bayesian mixing models[@b22][@b23][@b24] that take uncertainty in prey values and trophic discrimination factors into account when estimating predator diets. With adequate sampling of predators, potential prey, and TDF values of predators, SIA becomes a powerful tool to study trophic interactions to an extent that is unfeasible using gut content analysis alone.

We used SIA to test whether the trophic dynamics of the CCLME were consistent with those hypothesized by the wasp-waist model. Specifically we asked the question: do predators in the southern CCLME rely predominantly on a few forage species at the wasp waist level? Alternatively, are there inter-specific differences in predator foraging and diversity of diet? Results show the degree to which predators rely on, and exploit, certain prey groups. Thus these results have implications for management of both predator and prey species in the CCLME[@b25]. They also suggest the underlying mechanisms that dictate trophic dynamics in the CCLME, which is crucial for understanding and predicting changes in this pelagic ecosystem over time.

Results
=======

We obtained tissue samples from 30 species from the southern CCLME from 2007--2010 (17 predator and 13 prey; [Fig. 1](#f1){ref-type="fig"} and [Table 1](#t1){ref-type="table"}) and analyzed 292 individual predators and 181 individual prey for δ^13^C and δ^15^N ([Table 1](#t1){ref-type="table"}). Prey species sampled from predator stomachs indicated that predators fed on a wide range of prey, including forage fishes (saury, sardine, jack mackerel, juvenile rockfish) mesopelagic species (myctophids, eelpouts, barracudinas), rocky-reef associated wrasses (señoritas), epipelagic crustaceans (pelagic red crabs), and cephalopods (argonauta, gonatid, onychoteuthid, market, and jumbo squids) ([Table 1](#t1){ref-type="table"}).

Cluster analysis resulted in separation of species into four trophic groups based on mean species δ^13^C and δ^15^N values ([Fig. 1](#f1){ref-type="fig"}). These four groups were labeled, based on trophic ecology, as: zooplankton (TG2), planktivorous prey or LTLs (TG3), meso-predators (TG4), and upper trophic level predators (in this study, apex predators) (TG5). Linkage distances were relatively high between the four groups ([Fig. 1](#f1){ref-type="fig"} inset), suggesting that these trophic groups had distinct isotopic values. Hereafter these species groups will be referred to as TG2, TG3, TG4, and TG5 (see [Table 1](#t1){ref-type="table"} for species included in each trophic group). TG3 represents LTLs at the wasp-waist trophic level of WW ecosystem models[@b13].

The predominant planktivorous prey species (TG3) showed stepwise increases in δ^13^C and δ^15^N values relative to zooplankton (TG2), followed by meso-predators (TG4; onychoteuthid squids, Pacific mackerel, albacore, frigate mackerel, opah) ([Fig. 1](#f1){ref-type="fig"}). The highest mean δ^15^N values were observed in mako sharks, yellowtail, bonito, jumbo squid, blue sharks, striped marlin, yellowfin, and bluefin tunas (TG5), though these species showed considerable range in mean δ^13^C values (−18.4‰ -- −17.3‰; [Table 1](#t1){ref-type="table"} and [Fig. 1](#f1){ref-type="fig"}).

After TDF correction, two predator clusters were clearly discernible based on their position in isospace relative to prey inputs ([Fig. 2](#f2){ref-type="fig"}). Of the nine predator species of adequate sample size to be included in this analysis, the three TG4 species (meso-predators) overlapped more closely with TG2 than TG3, though the TDF-corrected mean TG4 isotope values fell between the two groups ([Fig. 2](#f2){ref-type="fig"}). The remaining six species, all apex predators (TG5), overlapped closely with TG3 ([Fig. 2](#f2){ref-type="fig"}). Both clusters contained a range of predator sizes ([Fig. 2](#f2){ref-type="fig"} inset).

δ^15^N values increased rapidly with size in organisms \<25 cm but there was strikingly little change with size between 25 and 250 cm ([Fig. 3](#f3){ref-type="fig"}). Differences in mean δ^13^C and δ^15^N values of predators did not correspond with body size ([Fig. 4](#f4){ref-type="fig"}). Linear fits showed a slightly negative trend of mean predator δ^13^C values (r^2^ = −0.0091) and a slightly positive trend of mean predator δ^15^N values (r^2^ = 0.1711) with mean predator size, though neither were statistically significant (P = 0.98, P = 0.30, respectively) ([Fig. 4](#f4){ref-type="fig"}). Most individual species did not show significant change in δ^13^C and δ^15^N with size (S [Fig 2](#f2){ref-type="fig"} and [Supplementary Table S1](#s1){ref-type="supplementary-material"}). Exceptions were jack mackerel and yellowtail in which δ^13^C and δ^15^N values increased with size, and Pacific bluefin tuna in which δ^13^C values increased and δ^15^N values decreased with size ([Supplementary Fig. S2](#s1){ref-type="supplementary-material"} and [Supplementary Table S1](#s1){ref-type="supplementary-material"}).

Bayesian mixing models required prior assignments that gave TG3 (WW prey) threefold higher likelihood of importance \[1 3 1 1\] in predator diets to avoid bimodal solutions. This assumed WW feeding by all TG4 and TG5 predators, based on feeding studies in the CCLME[@b26][@b27] and general WW ecosystem model assumptions[@b13]. Though this assumption places high emphasis on TG3, it makes results of non-TG3 feeding (i.e., non-WW) more compelling. However, median prey input estimates were similar for most species and TGs using uninformed priors or priors giving TG3 prey twice the importance of other prey (\[1 2 1 1\]) ([Table 2](#t2){ref-type="table"} and [Supplementary Tables S2 and S3](#s1){ref-type="supplementary-material"}). Furthermore, priors of \[1 3 1 1\] were only necessary to avoid bimodal results in bonito, yellowtail, and TG5 diet assessments ([Supplementary Tables S2 and S3](#s1){ref-type="supplementary-material"}).

Mixing model results revealed three general feeding patterns for nine predator species within the two upper trophic groups (TG4 and TG5). TG4 predators exhibited a high utilization of TG2 (krill) (Pacific mackerel: 89%, albacore: 75%, and blue shark: 69%), whereas for TG5 predators there were two different patterns. There was high omnivory by Pacific bluefin and yellowfin (high inputs of TG2, TG3, and/or TG4 with no dominance of any individual TG), and high utilization of TG3 by yellowtail: 76%, swordfish: 96%, bonito: 68%, and mako sharks: 85% ([Fig 5A](#f5){ref-type="fig"} and [Table 2](#t2){ref-type="table"}). Some of these predators showed increased feeding on TG4 (yellowfin tuna: 41%; Pacific bluefin tuna: 17%; bonito: 15%) and some showed an increased level of feeding within TG5 (Pacific bluefin: 9% and yellowtail: 7%) ([Fig. 5A](#f5){ref-type="fig"} and [Table 2](#t2){ref-type="table"}).

Inter-annual variability in diet composition was revealed by mixing model results for individual tuna species (yellowfin, Pacific bluefin, and albacore tunas) in 2008, 2009, and 2010 ([Fig. 5B](#f5){ref-type="fig"}). While albacore and bluefin diets were relatively consistent across years, yellowfin showed high use of TG3 in 2008 (63%) and 2010 (85%). In 2009 yellowfin used TG3 to a much lower degree (11%) with higher feeding on TG2 (55%) and TG4 (29%) ([Fig. 5B](#f5){ref-type="fig"}).

Mixing model results for entire TGs suggest exclusive zooplanktivory by prey species (TG3), zooplanktivory by some predators and high omnivory by other predators, and trophic links across multiple TGs in the southern CCLME ([Fig. 6](#f6){ref-type="fig"} and [Table 2](#t2){ref-type="table"}). Results also indicate that TG3 organisms fed entirely on TG2 (99%; [Fig. 6](#f6){ref-type="fig"} and [Table 2](#t2){ref-type="table"}). Meso- and higher trophic level predators (TG4 and TG5) fed on all trophic groups, including their own ([Fig. 6](#f6){ref-type="fig"}). Though TG3 prey were the most significant input to TG5 predators (57--69%), they were of less importance to TG4 predators (8--24%) which fed predominately at the zooplankton level (74--84%) ([Table 2](#t2){ref-type="table"}).

Discussion
==========

SIA data provided insight into the ecosystem dynamics, structure, and effects of predator size on foraging ecology in the southern CCLME, and Bayesian mixing model results allowed the wasp-waist model to be tested in a highly productive eastern boundary current. Our study spanned multiple years and a broad range of species. The use of SIA allowed for a more comprehensive study of trophic structure in a pelagic ecosystem than previous studies, and we provide here long-term, overall trophic dynamics in the southern CCLME over several years.

The relationship between δ^13^C and δ^15^N values of southern CCLME organisms was highly linear ([Fig. 1](#f1){ref-type="fig"}), suggesting that these species likely feed within an oceanographic ecosystem with a similar isotopic baseline (i.e. the pelagic food web of the CCLME). This supports life history and electronic tagging data showing high residency within the CCLME[@b5][@b7][@b28][@b29][@b30][@b31][@b32], as high use of other marine regions with different isotopic baselines would likely lead to predator δ^13^C and δ^15^N values that deviate from the observed linear pattern. Though some of these species do make seasonal offshore migrations[@b6][@b7][@b33][@b34][@b35][@b36], consistency of δ^13^C and δ^15^N values with the linear system pattern in isospace indicates high residency within the southern CCLME and the overall importance of the CCLME as a foraging area for these species.

The rapid increase in δ^15^N with size between 0--25 cm ([Fig. 3](#f3){ref-type="fig"}) suggests this may be a critical size phase in the CCLME, during which trophic level is rapidly increasing. All species in TG2 and TG3 fell within this size range, and in the CCLME organisms less than 25 cm seem most susceptible to predation by upper trophic levels. There was no trend of δ^13^C and δ^15^N values with size but high variability in isotope values in organisms between 25 and 250 cm ([Fig. 3](#f3){ref-type="fig"}), the difference between a mackerel- and mako shark-sized predator. Unlike other pelagic ecosystems where organism trophic level (inferred using δ^15^N values) increased with size[@b37], in the southern CCLME all species greater than \~25 cm appear able to use a diverse prey base leading to variation in predator δ^15^N values. Comparison of δ^13^C and δ^15^N with mean size for multiple predators ([Fig. 4](#f4){ref-type="fig"}) showed no correlation with size for either isotope; this supports studies in coastal systems revealing no effect of body size on δ^13^C and δ^15^N values *per se*[@b38]. Different species of similar size had different mean δ^13^C and δ^15^N values (e.g. mako and blue sharks, yellowtail and albacore had considerably different δ^15^N and δ^13^C values) ([Fig. 4](#f4){ref-type="fig"}). Interestingly, there was intra-specific δ^13^C and δ^15^N correlation with size for some species ([Supplementary Fig. S2](#s1){ref-type="supplementary-material"} and [Supplementary Table S1](#s1){ref-type="supplementary-material"}). The increase of δ^13^C and δ^15^N values in jack mackerel and yellowtail suggests the possibility for ontogenetic increases in trophic level with size for these species, which has been shown in other systems[@b37]. Pacific bluefin tuna δ^15^N values decreased with size; this could be a result of prey switching or habitat use differences across the sampled size range of Pacific bluefin. Overall, these differences are likely linked to species-specific feeding strategies and resultant differences in prey selection; size-based differences in feeding strategies have been observed in other marine systems[@b39].

The two distinct predator groups in isospace ([Fig. 2](#f2){ref-type="fig"}) suggest two feeding strategies: foraging on planktonic organisms by some TG4 species (Pacific mackerel, albacore, and blue sharks) or feeding on TG3 and higher trophic level fish and squids such as pacific and frigate mackerels, barracudinas, and market and jumbo squids by some TG5 predators (Pacific bluefin, mako sharks, yellowfin, swordfish, bonito, and yellowtail). These patterns are supported by mixing model results, which show high zooplanktivory by Pacific mackerel, albacore, and blue shark, omnivory in Pacific bluefin and yellowfin, and high inputs of TG3 to diets of swordfish, yellowtail, bonito, and mako sharks ([Fig. 5A](#f5){ref-type="fig"}). Because all species were sampled in the southern CCLME over the same timeframe, it is unlikely that these differences are a result of differences in prey availability, but rather due to differences in foraging strategies and physiological capabilities. These predators are known to have different thermal physiologies and diving behavior which likely influences their foraging capacity. Pacific bluefin, albacore, yellowfin, swordfish, and mako sharks all have varying degrees of regional endothermy[@b6][@b7][@b40][@b41][@b42], while the other predator species in this study are ectothermic. Our results support studies that indicate that predator physiology and behavior lead to specialization on particular prey in particular pelagic habitats, such as epipelagic TG3 prey for TG5 predators yellowfin, bonito, and yellowtail[@b27][@b43][@b44] and deep scattering layer organisms by TG4 predators blue shark and albacore[@b45][@b46].

Mixing model results provide new insight on the relative importance of particular prey species. For example, Pacific mackerel, albacore, and juvenile blue sharks are known to feed on plankton (particularly euphausiids) but also on squid and forage fishes[@b26][@b27][@b47][@b48]. SIA integrates diet over longer time frames than gut content analysis can often represent, and our results suggest that TG2 species account for more of the diet of TG4 organisms than studies using stomach contents have indicated. These may be important prey in winter months in the CCLME, when TG3 organisms are less available and data for gut content analysis are scarce[@b27][@b48]. TG2 prey may also be digested quickly and thus under-represented in gut content analyses; a recent study showed extensive consumption of salps, another zooplankton resource, by large predators in the Mediterranean pelagic ecosystem using SIA, revealing under-representation of this prey resource using GCA alone[@b49]. SIA has the advantage of integrating long-term feeding habits into a single isotopic value for each predator sampled. Many gut content analysis studies rely on opportunistically sampled, line-caught fish, which limits their results to periods when fish are available and actively feeding. These studies are also inherently restricted temporally and spatially. SIA results here likely capture a more comprehensive estimate of predator diets.

Inter-annual comparisons of mixing model results for yellowfin, albacore, and bluefin tunas suggest that trophic dynamics in the CCLME may shift annually, at least for tuna species during the period of this study ([Fig. 5B](#f5){ref-type="fig"}). SIA values reflect previous foraging, and tunas of this size range take over a year to reach steady-state with diet[@b50]. Therefore, mixing model results for tuna δ^13^C and δ^15^N values for a certain year should roughly reflect feeding habits of the previous year. Mixing model results for yellowfin in 2009 ([Fig. 5B](#f5){ref-type="fig"}) suggest potentially higher TG4 inputs (e.g., squid), and indeed squid dominated the diets of CCLME tuna in 2008[@b51]. Yellowfin diet estimates for 2010 ([Fig. 5B](#f5){ref-type="fig"}) reflect higher TG3 inputs, and forage fishes were more prevalent in tuna diets in the CCLME in 2009[@b51]. Thus our results for tuna mirror feeding patterns observed using gut content analysis, and these inter-annual differences highlight the ability of these predators to change their feeding dynamics in response to changing prey conditions. The magnitude of inter-annual differences between the tuna species may also indicate differences in plasticity of the foraging strategies of these predators in the face of varying prey availability. Bluefin and albacore, both highly endothermic, showed the least inter-annual variation while the less endothermic yellowfin varied greatly between 2008, 2009, and 2010. It is possible that yellowfin, being more restricted both latitudinally and vertically within the CCLME due to their narrower thermal niche[@b5], are forced to alter their foraging in response to changes in epipelagic prey availability. Pacific bluefin and albacore tunas would be more capable of pursuing specific prey (e.g., sardine or deep scattering layer organisms) into colder or deeper waters due to their endothermic specialization.

Isotope mixing models also provided estimates of trophic flow between entire trophic groups for the southern CCLME. Our results showed that omnivory increased with trophic level, with the highest trophic group (TG5) feeding on all other TGs including species within TG5. TG3 organisms dominated the diet input estimates of TG5 predators (63%), and predominant feeding on schooling fishes is supported by dietary studies in the CCLME[@b27]. The relatively high inputs of TG5 in bluefin, yellowtail, and mako sharks diets (9%, 7%, and 4%) are most likely a result of feeding on TG5 squid (market and jumbo squids) with high δ^15^N values; feeding studies have shown high consumption of market squid by bluefin and yellowtail on certain occasions and all species have been reported to feed on jumbo squid to various extents[@b26][@b27][@b44]. Meso-predators in the TG4 group, some of which are often considered large, apex predators (e.g., opah, blue sharks, and albacore) fed largely on TG2 (79%). This suggests a surprising level of zooplanktivory by TG4 as a whole. It suggests that rather than relying on TG3 organisms to transfer energy from the zooplankton level, these large predators are able to directly utilize this often abundant resource. TG3 were of less importance to TG4 (16%) and TG4 and TG5 even less so (\< 3%, [Table 2](#t2){ref-type="table"}).

SIA results of a pelagic ecosystem under wasp-waist control would meet three basic criteria, based on general characteristics of WW systems[@b13][@b14]. First, the prey base would be dominated by one or a few planktivorous organisms or LTLs (here, TG3). Second, most or all predators would be expected to group together isotopically, as they would all feed extensively on this homogeneous prey base. Finally, isotopic mixing models would show that individual predators and higher trophic groups as a whole feed mainly on the TG3 level. Our study allowed for evaluation of each of these three criteria.

The prey base in the southern CCLME from 2007--2010 was not dominated by one or a few species; rather, field sampling and sampling of predator stomachs revealed a high diversity of TG3 prey ([Table 1](#t1){ref-type="table"}). This result differs from previous studies in the CCLME, when certain TG3 prey such as anchovy dominated the diets of teleost predators, including albacore, Pacific bluefin tuna, and bonito[@b27]. Thus our results did not meet criterion 1 for WW control over the course of this study. Results also reveal that diverse prey are available if WW species are at lower abundances, leading to higher resilience of the CCLME food web.

Predators did not group together isotopically as they would if all fed predominantly on WW prey; cluster analysis revealed two distinct predator groups ([Fig. 1](#f1){ref-type="fig"}). Furthermore, once corrected for TDF, it became clear that different foraging strategies existed for different predators, even predators within the same TG, which clustered together in isospace ([Fig. 2](#f2){ref-type="fig"}). The high variability in predator δ^13^C and δ^15^N values ([Fig. 3](#f3){ref-type="fig"} inset) suggests feeding on a wide range of prey, in contrast with criterion 2 for WW control.

Finally, the quantitative SIA results of Bayesian mixing models did not reflect expected feeding patterns by individual predators or by trophic groups as a whole. Some predators fed extensively on TG3 ([Fig. 5A](#f5){ref-type="fig"}), but for others, TG3 accounted for a minority of prey inputs. Additionally, while TG3 was important (63%) to the highest trophic group (TG5), it did not comprise the majority of prey inputs for meso- and apex predators as a whole ([Fig. 6](#f6){ref-type="fig"} and [Table 2](#t2){ref-type="table"}). The reliance of TG4 on zooplankton prey (79%) and feeding of TG5 on groups other than TG3 (37%) results in a much more complex, inter-connected food web than that expected under WW conditions ([Fig. 6](#f6){ref-type="fig"}). Thus our results contrast with all three expected criteria for SIA results in a WW ecosystem.

Non-WW conditions in the CCLME contrast with other studies of EBC systems, which suggested WW control in the Benguela, Guinea, and Humboldt currents[@b13]. This observed difference has several implications. One is that the southern CCLME, and potentially EBC systems in general, cannot be considered WW systems *a priori*, but rather must be examined over multiple years and different oceanographic conditions to ascertain trophic relationships. The highest trophic levels may heavily exploit WW prey when they are available, but results here suggest the capacity to forage on other organisms depending on readily available prey species.

Non-WW ecosystem structure would increase ecosystem stability, as there is a positive relationship between ecosystem complexity and ecosystem stability[@b18]. Adaptive food choice, leading to apex predators feeding on a diverse prey base and species at intermediate trophic levels being fed upon by multiple predator species, also increases food web stability[@b18] and has been shown to maintain ecosystem biodiversity[@b9][@b52]. This suggests that the southern CCLME pelagic ecosystem may maintain stability and biodiversity via the omnivory and diversity of foraging strategies of predators demonstrated here. Taken together these features of the CCLME ecosystem potentially explain the high resilience of its pelagic fish populations in the face of large scale oceanographic shifts such as Pacific Decadal Oscillations (PDOs) or El Niño Southern Oscillations (ENSO). We demonstrate that predators possess flexibility in prey selectivity which may facilitate switching between prey resources or enable exploitation of 'loopholes' in prey availability[@b9]. However, less energetic resources, or 'junk food' in marine ecosystems, may only provide adequate sustenance and subsequent population stability for limited timeframes[@b53]. In the southern CCLME, this timeframe may be long enough for energetically rich prey to rebound and sustain teleost predators, as most studies demonstrating population declines in predators due to lack in prey quantity or quality have been on marine mammals or seabirds[@b2][@b53][@b54][@b55]. Numerous compensatory mechanisms (e.g., deep-diving) may dampen or eliminate expected direct consequences of prey depletion for teleosts compared to seabirds, leading to their continual success and presence in the southern CCLME. The interaction of predator foraging plasticity and the availability of abundant and diverse prey at different trophic levels in the CCLME may underlie the high residency and consistent predator presence in this pelagic ecosystem.

There are several assumptions implicit to our approach and to SIA in general. Organism isotope values vary over space and time, and we attempted to sample predator species throughout their residency period in the study area. However, as in all SIA studies, we were unlikely to capture all sources of isotopic variability. Electronic tagging has shown that many of these animals move not only north and south within the CCLME, but also offshore in seasonal patterns[@b5]. Brief migrations by some species to isotopically different areas may have slightly affected isotopic values, though not enough for values to clearly discern migrants from the system. The possibility that brief migrations may slightly alter the isotope composition of migratory species, and thus affect trophic inferences, must be taken into account when interpreting SIA results.

Mixing models are sensitive to TDF and prey values; thus accurate values of these parameters are important[@b22]. We used experimentally derived TDF values from controlled studies on captive Pacific bluefin tuna[@b50] and two large shark species[@b56]. We assumed that Pacific bluefin TDF values were appropriate for teleosts and the TDFs from large sharks[@b56] were appropriate for the shark species sampled here. Our TDF values are the most appropriate available values based on the taxonomy and size of the experimental animals and the predators to which they were applied, and are more appropriate than the mean TDF derived from several taxa in Post 2002 (Δδ^15^N = 3.4 ± 1‰, Δδ^13^C = 0.4 ± 1.4‰) that has been used in numerous studies. However, ecosystem-wide SIA studies will no doubt benefit from more lab-based studies on species-specific dynamics of isotopic fractionation relative to diet.

Finally, it should be noted that the CCLME contains predator species and size ranges not included in this study. Seabirds and marine mammals make extensive use of the CCLME[@b5], and seabirds in particular have been shown to be dependent upon epipelagic, TG3 forage fish due to diving limitations[@b2]. Additionally, larger individuals of certain species, such as mako and blue sharks, are known to feed on higher trophic level prey in the CCLME, including large teleosts and marine mammals[@b26]. Inclusion of the full size range of all species may alter TG composition and change proportional inputs to different TGs based on the foraging strategies of these animals. Thus our results can be generalized only to the teleosts and elasmobranch predators of the size ranges included in our analyses.

Overall this study suggests that prey from several trophic groups are important to multiple predators and trophic groups in the southern CCLME. Forage base in the CCLME is constantly shifting due to changes in oceanographic conditions and fishing pressures[@b2][@b3][@b16][@b54]. While the CCLME is utilized by predators for its richness of prey[@b5], several oceanographic parameters likely have impacts on prey availability, predator foraging, and thus predator fitness. Oxygen minimum layer depth affects deep scattering layer composition and the ability of predators to forage on organisms at depth[@b57], upwelling and productivity provide bottom-up controls on TG3 prey[@b58], and variations in ocean temperature alter the availability of many of the prey sampled here[@b3][@b59]. In a changing ocean, over short (ENSO events) and long (climate change) timescales, long-term studies using SIA could reveal shifts in predator diets and indicate how and to what extent large, pelagic predators in the CCLME alter their foraging strategies in different ocean conditions. Our results here suggest that predator feeding varies in the southern CCLME, lending stability to this important upwelling pelagic ecosystem.

Methods
=======

Sampling
--------

Sampling took place between 2007 and 2010 in the summer and fall months (June-October) from the long-range San Diego fishing vessel R/V *Shogun* in the southern region of the CCLME (28°00′N--33°00′N; 116°32′W--119°13′W, [Supplementary Fig. S1](#s1){ref-type="supplementary-material"}) or from fish landed by recreational anglers in San Diego, CA. Samples were collected from multiple species and trophic levels. Skeletal white muscle tissue was collected for fish, mantle muscle tissue for cephalopods, and crustaceans were collected whole. Predators were captured using rod and reel and muscle biopsies were taken from the dorsal musculature. Stomachs were removed from some tuna that were sampled for muscle tissue for diet studies using GCA. Intact prey items (recently consumed and not highly digested) found during GCA of tuna stomachs were used for SIA of prey. For these specimens only internal muscle tissue, which was unexposed to digestive enzymes, was collected. Prey samples were also collected using a dip net. Samples were stored immediately at −5°C.

Prior to analysis, samples were kept at −80°C for 24 h and then freeze-dried for 72 h. Samples were homogenized using a Wig-L-Bug (Sigma Aldrich) and analyses of δ^13^C and δ^15^N were conducted at the Stanford Stable Isotope Biogeochemistry Laboratory using a Thermo Finnigan Delta-Plus IRMS coupled to a Carlo Erba NA1500 Series 2 elemental analyzer via a Thermo Finnigan Conflo II interface. Replicate reference materials of graphite NIST RM 8541 (USGS 24), acetanilide, and ammonium sulfate NIST RM 8547 (IAEA N1) were analyzed between approximately 10 samples. Shark tissues were thoroughly rinsed in DI water to extract urea. All δ^13^C values were arithmetically lipid-normalized based on mass C:N ratios using taxon- or species-specific lipid normalization algorithms reported in Logan et al. 2008[@b60]. Muscle tissue was extracted from pelagic red crabs *P. planipes* for analysis; carbonate in copepods and krill was removed using 1 M HCl, then analyzed whole and δ^13^C values arithmetically normalized according to algorithms for whole invertebrates in Logan et al. 2008[@b60]. Stable isotope ratios are reported as mean ± SD.

Trophic groups
--------------

Organisms were placed into four trophic groups (TG2-5; TG1 represents phytoplankton, not sampled in this study) using cluster analysis (Ward\'s minimum variance method) of mean δ^13^C and δ^15^N values for each species. To view overlap of predators and prey in 'isospace' (plots of δ^13^C versus δ^15^N) we plotted δ^13^C and δ^15^N values of TDF-adjusted predators and trophic groups obtained from cluster analysis. Mean δ^13^C and δ^15^N values of predators were adjusted to visualize overlap with potential prey by subtracting laboratory-derived TDF values from mean (± SD) values of δ^13^C and δ^15^N for each predator. Teleosts were corrected using TDFs of captive Pacific bluefin tuna *Thunnus orientalis* (Δδ^15^N = 1.85 ± 0.38, Δδ^13^C = 1.83 ± 0.33^\[50\]^) and sharks were corrected using TDF values for large (\>100 cm) sharks *Carcharias taurus* and *Negaprion brevirostris* (Δδ^15^N = 2.29±0.22, Δδ^13^C = 0.90±0.33)[@b56]. This allowed visualization of overlap of predator species and trophic groups with their potential prey in isospace.

Size effects
------------

We performed correlation analysis (Pearson\'s correlation; α = 0.05) to investigate the relationship between organism size and δ^13^C and δ^15^N values. Correlation analysis of mean size vs. mean δ^13^C and δ^15^N values were performed across predators and for individual size vs. individual δ^13^C and δ^15^N values within particular prey and predator species. All statistical analyses of isotope data were carried out using MatLab (v. 2009a).

Trophic dynamics
----------------

We used a Bayesian mixing model (MixSir v. 1.0.4)[@b22] that takes into account isotopic error by using as inputs all predator δ^13^C and δ^15^N values and mean (± SD) δ^13^C and δ^15^N values of predator TDFs and prey. We first assessed proportional prey inputs from each trophic group (TG) into individual predator diets (e.g., to what extent do yellowfin tuna feed on organisms in TG2, TG3, TG4, and TG5?). Mixing models sometimes provide multiple solutions for diet input estimates (i.e., bimodal probability distributions). Using priors based on known predator diet can help constrain mixing model estimates[@b22]. We generated mixing models using uninformed priors, as well as WW priors that gave more weight to TG3 species. Uninformed priors and doubling probability of TG3 (priors = \[1 2 1 1\]) led to bimodal solutions for a few species and TG5. Thus we assigned priors of \[1 3 1 1\] to TG2, TG3, TG4, and TG5, respectively. This assigned equal probability of dietary contributions of TG2, TG4, and TG5, and assumes a three-fold higher likelihood of TG3 (wasp-waist species) in predator diets. This prevented bimodal solutions and made estimates of high non-TG3 diet inputs more compelling due to the weight given TG3 inputs via prior assignments. We also tested the possibility of inter-annual variation in trophic dynamics using SIA values from 2008, 2009, and 2010 for yellowfin, albacore, and bluefin tunas, three species with adequate sample size for inter-annual analyses.

To estimate overall trophic flow between entire trophic groups of the southern CCLME we estimated the relative prey inputs of each TG into the TGs themselves (e.g., to what extent does TG5 feed on organisms in TG2, TG3, TG4, and within TG5?). For TG mixing model runs we used a weighted-mean (weighted by sample size) TDF based on the species composition of each TG. We used Pacific bluefin tuna TDF for teleost predators[@b50], shark TDF for sharks[@b56], squid TDF (Δδ^15^N = 3.3, Δδ^13^C = 0.0)[@b61] for cephalopods, and a TDF for small pelagic fish (Δδ^15^N = 1.88, Δδ^13^C = 1.52)[@b62] for TG3 fish. We used mean δ^13^C and δ^15^N ± SD value for each TG as prey inputs for these mixing model runs. We used priors reflecting general wasp-waist assumptions \[1 3 1 1\] as above and performed 10^7^ iterations for all mixing model runs. Proportional diet inputs are reported to the nearest percent ([Table 2](#t2){ref-type="table"}). All statistical analyses of isotope data were carried out using MatLab (v. 2009a).
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![Biplot of δ^13^C and δ^15^N values (mean ± SD) for predators (caps labels, ) and prey (lowercase labels, ).\
Large ovals show trophic groups (TG2-5) from cluster analysis by color. Species are abbreviated as in [Table 1](#t1){ref-type="table"}. Inset shows dendrogram of cluster analysis; each node represents an individual species.](srep00654-f1){#f1}

![Biplot of δ^13^C and δ^15^N values (mean ± SD) for TGs 2--5 () and TDF-corrected δ^13^C and δ^15^N values (mean ± SD) for nine predator species (), numerically labeled as shown.\
Sample size for each species shown in parentheses. Predators are adjusted for TDFs for δ^15^N and δ^13^C according to PB TDFs from Madigan (submitted) (PM, BON, ALB, YT, PB, YFT: Δ^15^N = 1.85, Δ^13^C = 1.83‰) or Hussey *et al*. 2010 (MAKO, BLSK: Δ^15^N = 4.0, Δ^13^C = 0.9‰). Grey outline encloses predator and prey isospace in the southern CCLME. Inset shows relative sizes (CFL ± SD) for nine species shown.](srep00654-f2){#f2}

![Relationship between mean organism size and mean δ^15^N values for species sampled in this study.\
Line represents logarithmic fit to data (δ^15^N = 0.4997\*ln(size); r^2^ = 0.56). Inset shows relationship between length of individual meso- and higher level predators (\>25 cm) and δ^13^C () and δ^15^N () values. Relationship between size and δ^13^C (δ^13^C = 0.0018(size) + 15.2; r^2^ = 0.0038) and δ^15^N (δ^15^N = 0.0011(size) − 17.9; r^2^ = 0.0026) are not significantly different from zero (P = 0.41 and 0.31, respectively).](srep00654-f3){#f3}

![Relationship of predator size and isotope values.\
For nine predator species δ^13^C () and δ^15^N values () are shown against predator size (CFL in cm). All values are mean ± SD. Lines represent linear fits for size versus δ^13^C (- -) and size versus δ^15^N (---). Correlations were not significant at the α = 0.05 level (inset).](srep00654-f4){#f4}

![Mixing model estimates of median proportion of diet input from four trophic groups for CCLME predators.\
(A) Estimates of proportion of TG2, 3, 4, and 5 in nine predator species. Mean predator δ^15^N values increase from left to right. Sample size is shown above each column. 95% confidence intervals for input estimates shown in [Table 2](#t2){ref-type="table"}. (B) Mixing model estimates of prey inputs from TG2, 3, 4, and 5 into tuna diets (albacore ALB, Pacific bluefin PB, and yellowfin tuna YFT) for 2008, 2009, and 2010. 'nd' indicates insufficient data for analysis. Sample size is shown above each column.](srep00654-f5){#f5}

![Schematic showing isotope mixing model estimates of food flow through the southern CCLME pelagic ecosystem, indicating high omnivory and high use of TG2 and TG3 by meso- and higher level predators, respectively.\
Arrows indicate inputs of a trophic group to another; arrow size is proportional to median mixing model estimates of prey inputs of trophic group to others. 95% confidence intervals for input estimates shown in [Table 2](#t2){ref-type="table"}. Far right schematic shows proportional prey inputs expected under wasp-waist ecosystem dynamics.](srep00654-f6){#f6}

###### Table of all predator and prey species sampled in this study, separated by trophic group (TG2 -- 5). Mean (± SD) δ^13^C and δ^15^N values are for white muscle for all species except crustaceans (analyzed whole). δ^13^C values are arithmetically lipid-corrected according to Logan *et al.* 2008

  Species                        Common name         Code     Mean δ^13^C (SD)   Mean δ^15^N (SD)   Mean length (SD) (cm)   n
  ------------------------- ---------------------- --------- ------------------ ------------------ ----------------------- ----
  Trophic Group 5                                                                                                            
  *Isurus oxyrinchus*             mako shark         MAKO      −18.21 (0.24)       16.36 (0.80)         109.8 (17.9)        10
  *Sarda chiliensis*                bonito            BON      −17.68 (0.32)       16.16 (0.18)          47.8 (0.6)         12
  *Seriola lalandi*            yellowtail jack        YT       −17.26 (0.57)       15.90 (0.62)          73.7 (13.0)        34
  *Tetrapturus audax*           striped marlin        STM          −17.63             15.44                 215.9           1
  *Xiphias gladius*               swordfish           SWD      −17.36 (1.17)       15.74 (0.80)         135.2 (29.4)        21
  *Thunnus orientalis*       Pacific bluefin tuna    PBFT      −17.48 (0.26)       15.20 (0.34)          84.8 (3.1)         42
  *Thunnus albacares*           yellowfin tuna        YFT      −17.70 (0.31)       15.42 (0.77)          77.6 (9.7)         64
  *Dosidicus gigas*              jumbo squid          DG       −18.42 (0.23)       15.40 (0.52)          22.4 (4.3)         17
  *Loligo opalescens*            market squid         LOL      −17.99 (0.65)       15.29 (0.50)           4.2 (1.5)         21
  Trophic Group 4                                                                                                            
  *Lampris guttatus*                 opah             OPA      −18.26 (0.55)       14.57 (0.69)          97.2 (3.7)         4
  *Prionace glauca*               blue shark         BLSK      −19.01 (0.57)       15.19 (0.64)         111.2 (31.8)        9
  *Thunnus alalunga*            albacore tuna         ALB      −18.35 (0.26)       14.85 (0.79)          86.0 (8.2)         61
  *Auxis thazard*              frigate mackerel       FM           −18.32             14.82                  nd             1
  *Scomber japonicus*          Pacific mackerel       PM       −18.34 (0.64)       14.40 (0.98)          18.6 (1.9)         16
  *Abraliopsis spp.*                squid            ABRL      −18.95 (0.49)       15.18 (0.36)           1.9 (0.3)         4
  *Lestidiops ringens*       slender barracudina    SL BARR    −19.68 (0.16)       14.73 (0.34)              nd             5
  *Onychoteuthis spp.*          clubhook squid       ONYC      −18.52 (0.15)       14.41 (0.34)          10.3 (1.4)         6
  Trophic Group 3                                                                                                            
  *Sardinops sagax*                sardine           SARD      −19.79 (0.21)       13.59 (0.57)           8.2 (1.5)         18
  *Cololabis saira*                 saury            SAUR      −18.85 (0.26)       13.21 (0.76)           9.2 (3.1)         20
  *Trachurus symmetricus*       jack mackerel         JM       −18.89 (0.65)       13.92 (0.58)           7.9 (2.8)         27
  *Gonatopsis spp.*             gonatid squid         GON      −19.46 (0.29)       13.61 (1.25)           7.9 (1.8)         7
  *Sebastes juv.*             rockfish juveniles      SEB      −19.14 (0.78)       13.76 (0.44)           6.2 (4.0)         7
  *Oxyjulis californica*           señorita           SEN      −18.89 (0.01)       13.11 (0.04)          17.8 (0.4)         2
  *Melanostigma pammelas*      midwater eelpout      EELPT     −18.98 (0.31)       13.94 (0.32)           7.2 (1.0)         8
  *Magnisudis atlantica*     duckbill barracudina   DB BARR    −18.90 (0.31)       13.57 (0.22)          28.1 (5.7)         5
  *Argonauta spp.*                argonauta          ARGO      −19.16 (0.37)       13.51 (0.03)           1.8 (0.4)         2
  *Pleuroncodes planipes*      pelagic red crab       RC       −18.65 (0.21)       13.99 (0.69)           2.0 (0.1)         5
  *Myctophidae spp.*              myctophid          MYCT      −18.81 (0.25)       14.04 (0.17)           5.6 (1.3)         5
  Trophic Group 2                                                                                                            
  *Euphausidae spp.*                krill            KRILL     −20.06 (0.49)       12.39 (0.77)           2.2 (0.3)         14
  *Copepoda*                   calanoid copepod      COPE      −20.26 (0.15)       11.77 (0.87)            0.1 (0)          25

###### Estimated proportional prey inputs from Bayesian isotope mixing model (MixSir) of trophic groups (TG) to diets of nine predator species and to diets of trophic groups as a whole (TG3-5). Values reported are for 1×10^7^ iterations and priors based on wasp-waist assumptions \[1 3 1 1\], as discussed in methods

                                                                                        Estimated proportional prey inputs                                                 
  ------------------------ ----------------------------------------------------------- ------------------------------------ ---------- ---- ---------- ---- ---------- --- ---------
  *S. japonicus*                                       PM                                               89                   83 -- 95   7    3 -- 14    1     0 -- 4    0   0 -- 4
  *P. glauca*                                         BLSK                                              69                   52 -- 81   23   8 -- 43    4    0 -- 13    3   0 -- 10
  *T. alalunga*                                        ALB                                              75                   70 -- 79   12   5 -- 23    12   4 -- 18    1   0 -- 4
  *T. orientalis*                                      PB                                               43                   36 -- 49   32   21 -- 42   17   6 -- 27    9   2 -- 17
  *T. albacares*                                       YFT                                              52                   46 -- 57   5    2 -- 16    41   10 -- 45   2   0 -- 8
  *S. chiliensis*                                      BON                                              11                   1 -- 30    68   24 -- 86   15   2 -- 44    4   0 -- 15
  *S. lalandi*                                         YT                                               3                     0 -- 9    76   65 -- 86   12   1 -- 28    7   1 -- 17
  *X. gladius*                                         SWD                                              1                     0 -- 5    96   92 -- 99   1     0 -- 4    1   0 -- 4
  *I. oxyrinchus*                                     MAKO                                              4                    0 -- 14    85   73 -- 94   5    0 -- 15    4   0 -- 12
  **Trophic Group (TG)**                                                                                                                                                   
  5                                 MAKO, YT, SWD, BON, YFT, PB, STM, LOL, DG                           23                   19 -- 29   63   57 -- 69   5    0 -- 14    8   1 -- 13
  4                                  BLSK, ABRL, SLB, ALB, FM, OPA, PM, ONYC                            79                   74 -- 84   16   8 -- 24    3     0 -- 9    1   0 -- 5
  3                         SARD, EELPT, JM, SEB, ARGO, DBB, SAUR, SEN, MYCT, GON, RC                   99                   98 -- 99   1     0 -- 1    0     0 -- 1    0   0 -- 1
